
Precision and accuracy of in situ tower-based 
carbon cycle concentration networks required 

for detection of the effects of  
extreme climate events on 

regional carbon cycling 
Ankur R Desai 

University of Wisconsin-Madison 
desai@aos.wisc.edu 

Towards a Global Carbon Observing System: 
Progresses and Challenges 

Geneva, 1-2 October 2013 

International Conference "Towards a Global Carbon Observing System: Progresses and Challenges", Geneva, 1-2 October 2013 



Precision	
  and	
  accuracy	
  of	
  	
  
in	
  situ	
  tower	
  based	
  carbon	
  cycle	
  
concentra3on	
  networks	
  required	
  
for	
  detec3on	
  of	
  the	
  effects	
  of	
  	
  
extreme	
  climate	
  events	
  on	
  
	
  regional	
  carbon	
  cycling	
  

	
  Ankur R Desai, Arlyn 
Andrews, Britt Stephens, 

Bjorn Brooks, Dong Hua, and 
many other collaborators… 





Ques%ons	
  

•  What	
  is	
  required	
  of	
  con%nental	
  atmospheric	
  
greenhouse	
  gas	
  observa%ons	
  for	
  observing	
  
regional	
  carbon	
  fluxes?	
  
– More	
  specifically,	
  observing	
  response	
  of	
  these	
  
fluxes	
  to	
  extreme	
  climate	
  events	
  or	
  other	
  
significant	
  changes?	
  

– Further,	
  to	
  what	
  extent	
  can	
  we	
  disentangle	
  “well-­‐
mixed”	
  measurements	
  to	
  detect	
  regional	
  hotspots	
  
(or	
  cold	
  spots)	
  of	
  terrestrial	
  sinks	
  and	
  sources?	
  



M Reichstein et al. Nature 500, 287-295 (2013) doi:10.1038/nature12350 

Processes and feedbacks triggered  
by extreme climate events. 
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Building	
  a	
  tower	
  network	
  

From:	
  Andrews,	
  A.E.	
  et	
  al.,	
  2013.	
  
CO2,	
  CO	
  and	
  CH4	
  measurements	
  
from	
  the	
  NOAA	
  Earth	
  System	
  
Research	
  Laboratory's	
  Tall	
  Tower	
  
Greenhouse	
  Gas	
  Observing	
  
Network:	
  instrumenta%on,	
  
uncertainty	
  analysis	
  and	
  
recommenda%ons	
  for	
  future	
  high-­‐
accuracy	
  greenhouse	
  gas	
  
monitoring	
  efforts.	
  Atmos.	
  Meas.	
  
Tech.	
  Discuss.,	
  6,	
  1461-­‐1553,	
  doi:
10.5194/amtd-­‐6-­‐1461-­‐2013.	
  



Well-­‐calibrated	
  North	
  American	
  CO2	
  sites	
  







Seasonality	
  enhanced	
  by	
  dynamic	
  boundary	
  
layer	
  and	
  large	
  seasonal	
  flux	
  signal	
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Park	
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Diurnal	
  amplitudes	
  are	
  a	
  func%on	
  of	
  
height	
  and	
  %me	
  of	
  day	
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Flask	
  sampling	
  is	
  rela%vely	
  straighdorward	
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Con%nuous	
  is	
  a	
  wee	
  bit	
  more	
  complicated	
  

•  NOAA	
  ESRL	
  system	
  based	
  on	
  LI-­‐7000	
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Targets	
  
•  Can	
  generally	
  sample	
  5-­‐minute	
  concentra%ons	
  to	
  within	
  0.1	
  ppm	
  

using	
  NOAA	
  ESRL	
  tall	
  tower	
  sampling	
  system	
  
•  Primary	
  sources	
  of	
  uncertainty:	
  	
  

–  WMO	
  calibra%on	
  scale	
  (0.069	
  ppm)	
  
–  short-­‐term	
  precision	
  (up)	
  (0.004	
  ppm)	
  +	
  atmospheric	
  variability	
  within	
  

sample	
  interval	
  (0.2-­‐1	
  ppm)	
  
–  Baseline	
  drii	
  (ub)	
  (0.006	
  ppm)	
  
–  Calibra%on	
  curve	
  fijng	
  (uf)	
  (0.038	
  ppm)	
  +	
  extrapola%on	
  beyond	
  fit	
  

(uex)	
  (~0	
  ppm)	
  	
  
–  Sample	
  gas	
  equillibria%on	
  (ueq)	
  (~0	
  ppm)	
  
–  Water	
  vapor	
  dilu%on	
  (uwv)	
  	
  (0.001	
  ppm)	
  
–  Contamina%on/leaks	
  (??)	
  
–  Net	
  uncertainty	
  ~0.007	
  ppm	
  
–  Total	
  error	
  –	
  0.109	
  ppm	
  
–  Target	
  tank	
  bias	
  –	
  0.052	
  ppm	
  
–  30-­‐s	
  std	
  dev	
  –	
  0.056	
  ppm	
  

σu2	
  =	
  up2	
  +	
  ub2	
  +	
  uex2+	
  ueq2+	
  uwv2	
  	
  



Example	
  1.	
  Drought	
  

Brooks,	
  Hua,	
  Desai,	
  et	
  al.,	
  in	
  prep	
  



Schwalm	
  et	
  al.,	
  2012.	
  Nature	
  Geosci	
  



Inverse	
  models	
  (CarbonTracker)	
  are	
  
sensi%ve	
  to	
  mountaintop	
  CO2	
  

!
From	
  B.	
  Brooks	
  



What	
  are	
  we	
  looking	
  at?	
  



What	
  are	
  we	
  looking	
  at?	
  



Drought	
  simula%on	
  experiment	
  

!



Persistent	
  drought	
  related	
  emission	
  enhances	
  atmospheric	
  CO2,	
  
but	
  size	
  and	
  loca%on	
  effects	
  detectability	
  

Increasing	
  drought	
  extent	
  à	
  

Loca%on	
  

Detec%on	
  
limit	
  

Hidden	
  Peak,	
  Utah	
  



As	
  does	
  sensor	
  posi%on	
  (OSSEs	
  are	
  essen%al)	
  

Increasing	
  drought	
  extent	
  à	
  

Loca%on	
  

Detec%on	
  
limit	
  

Storm	
  Peak	
  Lab,	
  Colorado	
  



Flooding	
  in	
  Iowa:	
  	
  June	
  2008	
  

ESRL	
  tall	
  tower	
  site	
  in	
  
West	
  Branch,	
  Iowa	
  

Differences	
  in	
  seasonal	
  cycle	
  are	
  likely	
  agributable	
  
to	
  weather	
  anomalies:	
  
Cold,	
  wet	
  weather	
  in	
  Spring	
  2008	
  and	
  abnormally	
  
warm	
  weather	
  in	
  Spring	
  2007.	
  



Example	
  2.	
  Insects!	
  

cycling as tree-killing bark beetles (Elkinton & Lieb-
hold, 1990; Candau et al., 1998). Most leaf-feeders are
host-specific at the level of tree genus, but in North
America, two major species, forest tent caterpillar
(Malacosoma disstria Hubner) and the introduced gypsy
moth (Lymantria dispar L.; discussed below), have very
broad feeding ranges (Table 1). Forest tent caterpillar is
a major defoliator of several deciduous trees, include
aspen (Populus spp.), and has a wide distribution in
North America. There have been relatively few reports
of widespread mortality following defoliation by this
insect (Volney & Fleming, 2000) except in areas experi-
encing unusually frequent, multi-year defoliation such
as northeastern Ontario (Candau et al., 2002; Man &
Rice, 2010). Severe defoliation in combination with
climatic factors such as drought has also been impli-
cated as a major cause of increases in the decline of
aspen (Hogg et al., 2002, 2008) and other forest types in
parts of North America (Allen et al., 2010). Hemlock
looper [Lambdina fiscellaria (Guen.)] undergoes intermit-
tent outbreaks in the United States and Canada (Iqbal
et al., 2011) and can cause 32–100% mortality after only
a few years of defoliation (MacLean & Ebert, 1999).
Budworms are defoliating insects that feed primarily

on the buds of new conifer needles. Eastern spruce
budworm (Choristoneura fumiferana [Clem.]) causes
more damage than any other insect in North America’s
boreal forests (Volney & Fleming, 2000). Western
spruce budworm (Choristoneura occidentalis Freeman) is
considered the most widely distributed and destructive
conifer defoliator in western North America (Fellin &
Dewey, 1982). Extensive jack pine budworm (Chori-
stoneura pinus Freeman) outbreaks occur in jack pine

forests in Canada and the US east of the Rocky Moun-
tains (Volney, 1994; Natural Resources Canada, 2009b),
with reductions in growth reaching 75% in severely
infested stands (Gross, 1992) and affected trees becom-
ing predisposed to subsequent lethal attacks by bark
beetles (Wallin & Raffa, 2001).
Additionally, nonnative invasive insects from all

feeding guilds have become increasingly important
during the last century (Aukema et al., 2010). There is
increasing evidence that invasive insects have a large
impact on forest carbon cycling by altering disturbance
regimes, nutrient cycling, and other processes in eco-
systems where they have not co-evolved (Peltzer et al.,
2010). Carbon cycle consequences have been studied
for two important invasive insects. Gypsy moth is a
defoliator that was established in the middle of the 19th
century and spread throughout the eastern United
States (USDA Forest Service, 2009a) and eastern
Canada (Régnière et al., 2009). Hemlock woolly adelgid
(Adelges tsugae Annand) is a major disturbance agent in
forests of the eastern United States, attacking hemlocks
(Tsuga spp.) and feeding on tree fluids. Hemlocks in
this region have poor natural defenses against or toler-
ance of hemlock woolly adelgid, leading to high mor-
tality probability from outbreaks.

Pathogens. A plant disease is defined as ‘any malfunc-
tioning of host cells and tissues that results from contin-
uous irritation by a pathogenic agent or environmental
factor and causes symptoms’ (Agrios, 2005). Here, we
focus on pathogens, including infectious diseases
(Table 2). Forest pathogens are taxonomically diverse
and include fungi, bacteria, viruses, nematodes, and

Fig. 2 Locations with insect and disease damage (black) mapped by the USDA Forest Service Aerial Detection Survey, 1997–2010.
Affected areas include damaged as well as undamaged trees. Gray indicates forest area (Zhu & Evans, 1994).

© 2011 Blackwell Publishing Ltd, Global Change Biology, 18, 7–34

10 J . A. HICKE e t a l .

!Hicke	
  et	
  al.,	
  2012,	
  Global	
  Change	
  Biol.	
  

Moore,	
  D.J.P.,	
  et	
  al.,	
  2013.	
  Persistent	
  reduced	
  ecosystem	
  
respira%on	
  aier	
  insect	
  disturbance	
  in	
  high	
  eleva%on	
  forests.	
  
Ecol.	
  Le<ers,	
  16,	
  731–737,	
  doi:10.1111/ele.12097.	
  



A	
  single	
  valley	
  of	
  death	
  



And	
  its	
  consequences	
  to	
  the	
  atmosphere	
  



Rela%ve	
  changes	
  to	
  respira%on	
  and	
  photosynthesis	
  
derived	
  from	
  concentra%on	
  measurements	
  +	
  models	
  



Example	
  3.	
  Inland	
  waters	
  as	
  hotspots?	
  
Vasys,	
  V.N.,	
  et	
  al.,	
  2011.	
  Influence	
  of	
  large	
  lake	
  carbon	
  exchange	
  on	
  
regional	
  tracer	
  transport	
  inversions.	
  Environmental	
  Research	
  Le<ers,	
  
6	
  034016	
  doi:10.1088/1748-­‐9326/6/3/034016.	
  



Tower	
  “sees”	
  the	
  lake	
  



Imposed	
  flux	
  -­‐	
  water	
  

Influence	
  

Flux	
  -­‐	
  land	
  

Net	
  influence	
  



Summary	
  and	
  recommenda%ons	
  
•  Calibra%on	
  is	
  essen%al	
  for	
  con%nuous	
  monitoring	
  as	
  is	
  
profiling.	
  0.1	
  ppm	
  accuracy	
  of	
  CO2	
  at	
  5	
  minute	
  intervals	
  
with	
  near	
  zero	
  drii	
  is	
  now	
  feasible	
  and	
  about	
  the	
  level	
  
needed	
  for	
  regional	
  flux	
  quan%fica%on	
  

•  Detec%on	
  of	
  effect	
  of	
  extreme	
  events	
  on	
  fluxes	
  may	
  be	
  
easier	
  than	
  capturing	
  only	
  mean	
  fluxes	
  

•  Not	
  every	
  loca%on	
  needs	
  to	
  sample	
  only	
  well-­‐mixed	
  
con%nental	
  air	
  masses	
  

•  Hotspot	
  detec%on	
  can	
  lead	
  to	
  surprising	
  results	
  and	
  
provide	
  clarity	
  for	
  sejng	
  inversion	
  priors	
  

•  Transport	
  may	
  be	
  the	
  limi%ng	
  factor	
  more	
  than	
  
observa%on!	
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Network	
  design	
  

network design focusing on regional studies. The minimum CL
can provide a useful proxy to assess the information content of a
CO2 monitoring network, because it can be used to deduce
areas where CO2 concentrations have high (low) spatial vari-
ability and thus need to be sampled more (less) frequently in
space. A fractional CL scale is therefore proposed as a metric
to gauge network performance by coupling knowledge of the
spatial variability with knowledge of the network configuration.
The fractional CL scale (Figure 2) is defined at each location as
the distance to the nearest tower normalized by the
minimum CL observed for that grid cell (Figure 1). The
coverage criterion is based on this fractional CL for each
grid cell: if a tower is within some fraction of a CL of a
given location (e.g., 3/4, ½, ¼, etc.), that location is said to be
covered under that corresponding fractional CL criterion.

2.4. Network Design
[17] The 2008 network was augmented to create hypothetical

networks by using a simple objective: that a network should be
able to capture the signal it is being used to measure, namely the
CO2 concentration field. The CL criterion (section 2.3) was
used to define how well a network captures that signal. To
determine the number of measurement locations that would be
needed to capture the (modeled) atmospheric CO2 concentra-
tion field, a minimum requirement based on the covariance
between monitoring locations and possible estimation locations
was developed. A minimum coverage requirement of 1 CL
ensures a minimum of 5% correlation between the concentra-
tions at every estimation location and those at at least one
measurement tower. An analogy is drawn from signal
processing to define a more stringent ½ CL sampling
requirement, analogous to the requirement of providing
two samples per cycle (e.g., Nyquist frequency) used to
avoid aliasing [Franklin et al., 2006]. Finally, a ¼ CL
requirement was found to be representative of regional
networks, based on coverage of the MCI region (section 3).
[18] A simple algorithm was implemented to ensure that the

hypothetical networks satisfied the full coverage criteria, i.e.,
ensuring that each grid cell is within a predefined fraction of a
CL (e.g., 1 CL, ½ CL) from the nearest tower, with tower

1000800700600500400300200100 [km]

Figure 1. Minimum July correlation lengths (CLs), obtained
from local variogram analysis of PCTM-CASA CO2 concen-
trations. Circles represent scales of spatial variability.

Fractional Correlation Length (h/CL)
0 0.25 0.5 0.75 1 1.25

2008

2007

2006

2005

2004

Figure 2. Expansion of the existing tower network (black
stars) from 2004 to 2008. Colors represent degree of cover-
age and are based on each grid cell’s distance to nearest
tower (hi) divided by the grid cell’s correlation length (CL).
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coverage are typically less active regions, including the tundra
in northern Canada and arid areas of Mexico, placing towers
in these regions does help to constrain the continental CO2 flux
budget (section 3.5). Additionally, the northern Canadian
tundra regions are of significant interest with changing climate
[e.g., Schaefer et al., 2011], and therefore baseline monitoring
for these regions is of primary importance.
[24] The incremental additional coverage provided per tower

was also examined to give an assessment of per-tower coverage
expansion. The overall trend shows a decrease in incremental
coverage per tower from 2004–2008 in the 1 CL coverage
regime. However, the incremental coverage increase per tower
in the ¼ CL coverage regime remained relatively constant over
the same period. This suggests that during the 2004–2008
expansion, additional towers offered similar per-tower increases
in coverage for regional analysis (¼ CL), while the per-tower
increase in the continental coverage regime (1 CL) diminished.
This is understandable, as the recent expansions in the network
have been targeted towards investigations of regional CO2
activity [e.g., Göckede et al., 2010; Gourdji et al., 2012;
Lauvaux et al., 2012a, 2012b]. Additionally, several new
towers have been established since 2008 and 50 new measure-
ment sites are planned for the U.S. as a part of Earth Networks’
Greenhouse Gas Network (http://earthnetworks.com/OurNet-
works/GreenhouseGasNetwork.aspx).
[25] While many external factors are involved in determining

the placement of additional towers, whether they be scientific or
logistical, regions with no existing towers clearly offer the
highest information gain per tower added when focusing on
continental budgets. Therefore, a hypothetical scenario was
explored in the following section where tower placement is
optimized to provide full coverage over NA.

3.3. Augmented Network Design
[26] To investigate a CL-criterion-based expansion of the

monitoring network, two continental-scale hypothetical net-
works were created. The 1 CL and ½ CL networks were
designed with the goal of expanding coverage over the entire
NA land domain. The 1 CL network was designed using the
2008 existing network as a base, and adding towers using the
algorithm in section 2.5. The 1 CL network represents an initial

modest expansion of the network. The ½ CL criterion network
was then created using the 1 CL network as its base, and
expanding until ½ CL criterion was fulfilled over the entire
domain. The ½ CL network simulates a substantial expansion
of the network following the initial expansion. The tower
locations of the three networks are illustrated in Figure 3 and
listed in the Supporting Material. While the fractional CL
criteria are used to conceptually define the network scenarios
in this study, the method could similarly be used to instead
allocate a prespecified number of additional towers.
[27] Under the 1 CL criterion network expansion, all of North

America can be observed with an additional eight towers, bring-
ing the NA total to 47 (Figure 3a). The towers are placed in
Mexico (Baja California, Chiapas, and Oaxaca), the US
(Florida, Alaska), and Canada (British Columbia, Yukon,
Nunavut). The locations of the eight added towers correspond
to regions with known deficiencies in the current network
[e.g., Gourdji et al., 2012]. On average, each additional
tower would expand the 1 CL coverage region by 3% of the
NA continental area, making it the largest per-tower expansion
to the network coverage when compared to the 2004–2008
expansions. The expansion in the coverage at the ½ CL level
is 1.6% per tower, comparable to the actual network expansions
in 2005 and 2006. One limitation in using the simple algorithm
implemented in this study is that two towers may be placed in
very close proximity to one another in an attempt to provide
100% coverage of the domain. This occurs, for example, with
two nearby towers placed in Mexico for the 1 CL network,
where the removal of either tower would cause only a small
fraction of the continent to be unobserved. We note that further
analysis would be needed to define the exact locations of
additional towers; nevertheless, the removal of either of the
closely placed towers is found (section 3.5) to bias the synthetic
data inversion estimates, especially for the regional (Tropical
and Subtropics) estimates. Overall, the total number of recom-
mended towers under the 1 CL network is consistent with
previous assessments, namely 40–50 towers within North
America [Tans et al., 1996].
[28] To increase the coverage to the½CL level, an additional

35 towers are needed beyond the eight tower expansion of the 1
CL network, increasing the total number of towers over the

Fractional Correlation Length (h/CL)
0 0.25 0.5 0.75 1 1.25

2008 Real Tower Locations

1 CL Tower Additions

½ CL Tower Additions

(b)(a)

Figure 3. The (a) 1 CL and (b) ½ CL network expansions, which added 8 and a further 35 towers,
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for the 1 CL and ½ CL networks, respectively.
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coverage are typically less active regions, including the tundra
in northern Canada and arid areas of Mexico, placing towers
in these regions does help to constrain the continental CO2 flux
budget (section 3.5). Additionally, the northern Canadian
tundra regions are of significant interest with changing climate
[e.g., Schaefer et al., 2011], and therefore baseline monitoring
for these regions is of primary importance.
[24] The incremental additional coverage provided per tower

was also examined to give an assessment of per-tower coverage
expansion. The overall trend shows a decrease in incremental
coverage per tower from 2004–2008 in the 1 CL coverage
regime. However, the incremental coverage increase per tower
in the ¼ CL coverage regime remained relatively constant over
the same period. This suggests that during the 2004–2008
expansion, additional towers offered similar per-tower increases
in coverage for regional analysis (¼ CL), while the per-tower
increase in the continental coverage regime (1 CL) diminished.
This is understandable, as the recent expansions in the network
have been targeted towards investigations of regional CO2
activity [e.g., Göckede et al., 2010; Gourdji et al., 2012;
Lauvaux et al., 2012a, 2012b]. Additionally, several new
towers have been established since 2008 and 50 new measure-
ment sites are planned for the U.S. as a part of Earth Networks’
Greenhouse Gas Network (http://earthnetworks.com/OurNet-
works/GreenhouseGasNetwork.aspx).
[25] While many external factors are involved in determining

the placement of additional towers, whether they be scientific or
logistical, regions with no existing towers clearly offer the
highest information gain per tower added when focusing on
continental budgets. Therefore, a hypothetical scenario was
explored in the following section where tower placement is
optimized to provide full coverage over NA.

3.3. Augmented Network Design
[26] To investigate a CL-criterion-based expansion of the

monitoring network, two continental-scale hypothetical net-
works were created. The 1 CL and ½ CL networks were
designed with the goal of expanding coverage over the entire
NA land domain. The 1 CL network was designed using the
2008 existing network as a base, and adding towers using the
algorithm in section 2.5. The 1 CL network represents an initial

modest expansion of the network. The ½ CL criterion network
was then created using the 1 CL network as its base, and
expanding until ½ CL criterion was fulfilled over the entire
domain. The ½ CL network simulates a substantial expansion
of the network following the initial expansion. The tower
locations of the three networks are illustrated in Figure 3 and
listed in the Supporting Material. While the fractional CL
criteria are used to conceptually define the network scenarios
in this study, the method could similarly be used to instead
allocate a prespecified number of additional towers.
[27] Under the 1 CL criterion network expansion, all of North

America can be observed with an additional eight towers, bring-
ing the NA total to 47 (Figure 3a). The towers are placed in
Mexico (Baja California, Chiapas, and Oaxaca), the US
(Florida, Alaska), and Canada (British Columbia, Yukon,
Nunavut). The locations of the eight added towers correspond
to regions with known deficiencies in the current network
[e.g., Gourdji et al., 2012]. On average, each additional
tower would expand the 1 CL coverage region by 3% of the
NA continental area, making it the largest per-tower expansion
to the network coverage when compared to the 2004–2008
expansions. The expansion in the coverage at the ½ CL level
is 1.6% per tower, comparable to the actual network expansions
in 2005 and 2006. One limitation in using the simple algorithm
implemented in this study is that two towers may be placed in
very close proximity to one another in an attempt to provide
100% coverage of the domain. This occurs, for example, with
two nearby towers placed in Mexico for the 1 CL network,
where the removal of either tower would cause only a small
fraction of the continent to be unobserved. We note that further
analysis would be needed to define the exact locations of
additional towers; nevertheless, the removal of either of the
closely placed towers is found (section 3.5) to bias the synthetic
data inversion estimates, especially for the regional (Tropical
and Subtropics) estimates. Overall, the total number of recom-
mended towers under the 1 CL network is consistent with
previous assessments, namely 40–50 towers within North
America [Tans et al., 1996].
[28] To increase the coverage to the½CL level, an additional

35 towers are needed beyond the eight tower expansion of the 1
CL network, increasing the total number of towers over the
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coverage are typically less active regions, including the tundra
in northern Canada and arid areas of Mexico, placing towers
in these regions does help to constrain the continental CO2 flux
budget (section 3.5). Additionally, the northern Canadian
tundra regions are of significant interest with changing climate
[e.g., Schaefer et al., 2011], and therefore baseline monitoring
for these regions is of primary importance.
[24] The incremental additional coverage provided per tower

was also examined to give an assessment of per-tower coverage
expansion. The overall trend shows a decrease in incremental
coverage per tower from 2004–2008 in the 1 CL coverage
regime. However, the incremental coverage increase per tower
in the ¼ CL coverage regime remained relatively constant over
the same period. This suggests that during the 2004–2008
expansion, additional towers offered similar per-tower increases
in coverage for regional analysis (¼ CL), while the per-tower
increase in the continental coverage regime (1 CL) diminished.
This is understandable, as the recent expansions in the network
have been targeted towards investigations of regional CO2
activity [e.g., Göckede et al., 2010; Gourdji et al., 2012;
Lauvaux et al., 2012a, 2012b]. Additionally, several new
towers have been established since 2008 and 50 new measure-
ment sites are planned for the U.S. as a part of Earth Networks’
Greenhouse Gas Network (http://earthnetworks.com/OurNet-
works/GreenhouseGasNetwork.aspx).
[25] While many external factors are involved in determining

the placement of additional towers, whether they be scientific or
logistical, regions with no existing towers clearly offer the
highest information gain per tower added when focusing on
continental budgets. Therefore, a hypothetical scenario was
explored in the following section where tower placement is
optimized to provide full coverage over NA.

3.3. Augmented Network Design
[26] To investigate a CL-criterion-based expansion of the

monitoring network, two continental-scale hypothetical net-
works were created. The 1 CL and ½ CL networks were
designed with the goal of expanding coverage over the entire
NA land domain. The 1 CL network was designed using the
2008 existing network as a base, and adding towers using the
algorithm in section 2.5. The 1 CL network represents an initial

modest expansion of the network. The ½ CL criterion network
was then created using the 1 CL network as its base, and
expanding until ½ CL criterion was fulfilled over the entire
domain. The ½ CL network simulates a substantial expansion
of the network following the initial expansion. The tower
locations of the three networks are illustrated in Figure 3 and
listed in the Supporting Material. While the fractional CL
criteria are used to conceptually define the network scenarios
in this study, the method could similarly be used to instead
allocate a prespecified number of additional towers.
[27] Under the 1 CL criterion network expansion, all of North

America can be observed with an additional eight towers, bring-
ing the NA total to 47 (Figure 3a). The towers are placed in
Mexico (Baja California, Chiapas, and Oaxaca), the US
(Florida, Alaska), and Canada (British Columbia, Yukon,
Nunavut). The locations of the eight added towers correspond
to regions with known deficiencies in the current network
[e.g., Gourdji et al., 2012]. On average, each additional
tower would expand the 1 CL coverage region by 3% of the
NA continental area, making it the largest per-tower expansion
to the network coverage when compared to the 2004–2008
expansions. The expansion in the coverage at the ½ CL level
is 1.6% per tower, comparable to the actual network expansions
in 2005 and 2006. One limitation in using the simple algorithm
implemented in this study is that two towers may be placed in
very close proximity to one another in an attempt to provide
100% coverage of the domain. This occurs, for example, with
two nearby towers placed in Mexico for the 1 CL network,
where the removal of either tower would cause only a small
fraction of the continent to be unobserved. We note that further
analysis would be needed to define the exact locations of
additional towers; nevertheless, the removal of either of the
closely placed towers is found (section 3.5) to bias the synthetic
data inversion estimates, especially for the regional (Tropical
and Subtropics) estimates. Overall, the total number of recom-
mended towers under the 1 CL network is consistent with
previous assessments, namely 40–50 towers within North
America [Tans et al., 1996].
[28] To increase the coverage to the½CL level, an additional

35 towers are needed beyond the eight tower expansion of the 1
CL network, increasing the total number of towers over the
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Policy	
  relevant	
  recommenda%ons	
  
•  Don’t	
  eat	
  your	
  seed	
  corn!	
  

–  Baseline	
  atmospheric	
  greenhouse	
  gas	
  observatories	
  
are	
  under	
  significant	
  funding	
  pressure	
  and	
  require	
  a	
  
long-­‐term	
  plan	
  for	
  opera%on	
  and	
  calibra%on.	
  
Degrada%on	
  in	
  coverage,	
  accuracy,	
  and	
  lack	
  of	
  group	
  
coopera%on	
  on	
  inter-­‐calibra%on	
  and	
  data	
  sharing	
  are	
  
real	
  concerns	
  

–  These	
  observa%ons	
  are	
  our	
  only	
  direct	
  link	
  to	
  verifying	
  
changes	
  to	
  atmosphere’s	
  greenhouse	
  gas	
  budget	
  	
  

– Don’t	
  neglect	
  con%nuous	
  tower	
  based	
  observa%ons,	
  
which	
  can	
  now	
  be	
  made	
  with	
  high	
  accuracy	
  and	
  
provide	
  a	
  very	
  rich	
  picture	
  of	
  response	
  of	
  regional	
  
carbon	
  cycle	
  to	
  climate	
  change	
  


